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A continuum shell model has been constructed which allows inclusion of any nonspurious states of the core
nuclei and any nonspurious states of the composite system. The resulting coupled-channels solutions are
antisymmetric and translationally invariant. These wave functions can be used to calculate many nuclear
phenomena, from capture reactions at astrophysical energies, to knockout reactions at low energies, to nucleon
scattering and charge exchange at intermediate energies. The model is used to investitiaséytm>H,
*He(y,n)%He, and,He(p, p)*He reactions.
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I. INTRODUCTION each other, and it was difficult to determine exactly when the
calculations were not correctly describing the phenomena.
The need for accurate solutions of nuclear systems witiafter a comparison with virtually alle,e’N) data, it was
one particle in the continuum are numerous. Elastic, inelastigoncluded in Ref[6] that agreement with most data is good,
and charge exchange reactions, capture reactions, and oRcept, on average, the transverse convection current is 10—
nucleon knockout reactions all require these wave functionszgos too weak at low momentum transfer and in the energy
Such reactions are often addressed with optical model, diS’egion E,=20-40 MeV, and that the calculated Coulomb
torted wave, or in some cases with resonating group calcunyltipoles are possibly too strong in that same momentum
lations. Each procedure has approximations which may makgnd energy region. The real photon case is more clear, in
them inappropriate for describing particular phenomena. Thenat, one is not sorting through many different energies and
recoil corrected continuum shell modéRCCSM, intro-  momentum transfers, but again, different data sets disagree.
duced by Philpotf1], is also a model, and hence provides anThjs disagreement is demonstrated in Figs. 1 and 2. The data
approximate solution to the nuclear many-body problem, butor Fig. 1 have been divided into three groups. The data of
it is one in which it is possible to systematically improve the Refs.[11-15 are classified as high. Of these, only the data
solution by adding additional shell-model configurations.  of Ref. [11] are plotted as open circles to represent this
The first application of the RCCSM was to nucleon scat-group. The data of Ref§16—18 are classified as intermedi-

tering from closed shell nuclej1] Here the importance of a ate. Of these, only the data of R¢L7] are plotted as dia-
translationally invariant model was exhibited. The model

was extended to E1h excitations in Refs[2—7]. Calcula- 25 T T T T
tions were made foA=4, 12, and 16 composite systems. :
These calculations included many types of reactions, from

: - 4 3 ]
investigations of polarization-analyzing power differences in 20 | : 3 He(7.p)'H 7]
(p,n) reactions[4] to (7, 7'N) knockout reaction$2]. Re- L @ 3 .
cently the model was extended to include @hell nuclei [ g%}wﬁ ]
and applied to medium energy nucleon-induced reac{i8hs 15 [~ : i/i = “f 3. . 0s'es)
and to low energy’Be+p elastic scattering9]. Now the E Er F % ;t- > - .
model has been extended by allowing aky1 shell-model T [ /$¥ iH 1 % NS
core states, as long as they are nonspurious, and any states 10 [~ :[! . LR RSNy -]
the composite system, as long as they are nonspurious, ar R 7 A (gs:) ; ¢ T TR, ]
include them in a calculation with one nucleon in the con- -k e * 1
tinuum. The first purpose of the paper is to describe the ©°° [ "“\‘"?:‘_-#5 ¢

implementation of this model.
The most successful application of the RCCSM was to the S T T T
A=4 composite system. The M3Y interaction of REL0] 00, 5 10 15 20 25 30
amazingly turned out to be the near perfect effective interac- E.°™ (MeV)
tion for cores states of thesbconfiguration. Almost all phe- P
nomena involving one nucleon in the continuum below i 1 The’He(y,p)*H total cross section. The data of Refs.
60 MeV were accurately described by this simple model;11 17 and 1pare plotted as open circles, diamonds, ants,
Apparently, the main ingredients are the correct effective inyespectively. Light dotted curves are from calculations wWithO
teraction and the tl’anslationa"y invariant solutions. An eX-with pure &4 ground state. Solid, dark-dotted, dashes, and dot-
ception to this agreement occurs when comparing data frorashed lines are fai=0, 2, 4, and 6, respectively. Upper curves are
reactions involving real or virtual photons. However, in elec-with Coulomb operator; lower curves are with transverse current
tron scattering many of the data sets are not consistent witbperator.
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25 r — TABLE I. Oscillator constants, radii and energies.

N 0 2 4 6

20 —

v (fm™) 0.360 0.290 0.315 0.275
3H, (r)Y2 (fm) 1.667 1.669 1.668 1.670
3He (r3)12 (fm) 1.667 1.721 1.758 1.749

p-separation energy 22.5 21.2 20.9 21.3
(MeV)

1.5 —

A B B

0p/0n

=]

;

1.0 —

lational invariance. It may contain central, spin-orbit, qua-
dratic spin-orbit, and tensor terms. The nonspuridusl
core stategJ,a) are then calculated by standard techniques
within a specified model space. FAE4, this would be the
states ofH and>He. If one believes that coupling a nucleon
onto these core states does not provide a sufficient basis, then

E,“™ (MeV) additional bound states of thi=4 composite system could

be calculated. In the notation of R¢l], these are noted as

FIG. 2. The ratios(y,p)/o(y,n). The data of Refs13,16,18,  beta statesJg8). One must provide the one, two, and three-

[19] divided by[21], and[11] divided by[21] are plotted as open body densities for the core states,
circles, diamonds, open squares,s and solid circles, respectively. . T
Curves are the same as in Fig. 1. (Jnalla kaaT|] 9 a),

05 —
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monds to represent this group. The data of Rgf8.and 20 (Jnalll(aay ) ¥ v(@man) %7, 97 aa’),
are classified as low. Of these, only the data of RE9] are
plotted asX’s to represent this group. Here one sees a 3504nd
discrepancy among data sets in fivte(y,p) cross section. o) Klxat 1y 3Ty I AT

In Fig. 2 the ratioo(y,p)/o(y,n) is plotted for only those (nalil(@’a’) e 'Ti] (@7 apr] I a2
data sets that come from the same experiment or the sanhese quantities are used in calculating the matrix elements
laboratory, in which botho(y,n) and o(y,p) magnitudes of the Hamiltonian, unit operator, and transition operators for
were determined, and that extend into the peak cross sectigvparticle system in the shell-model basis.Afstates are

region. Therefore, the data of Refd3,16,18, and[19] di-  allowed, then one must provide the overlaps,
vided by [21] are plotted as open circles, diamonds, open . ;

squares, an&'s, respectively. The data of RgfL1] divided (JeBl[a’|Iac)]®,

by that of Ref.[21] are also plotted as solid circles to dem-

onstrate one among the many ways that a ratio near two can eBll(a 3", el 9am],
be obtained.

These results are very disconcerting in view of the need@nd
for accuracy in recent and future capture measurements with +oh ITat i T
radioactive beams, and this accuracy does not appear to be eplil(a’a")* a 'Ti] @) 9ac).
available with a stable beam. Therefore, the second purposghe 4 states are constructed by coupling one nucleon to the
of this paper is to test whether an extension of k€l core  gre states in the shell-model coordinate systen{af'gm

to more complicated configurations bey9r§ Gan _provide ® |Jpa)P, and the matrix elements of the Hamiltonian,
theoretical guidance for th#He(y,N) reaction. Particular at- R R

tention is paid to thes(y,p)/o(y,n) ratio because it pro- )
vides a connection among data sets, and has, in past calcu- Ha= 2 p2m="Tem + 2 Uij» (1)
lations, shown a large discrepancy between the results of = =)

calculations and experiments. In addition, tests are made tare calculated in this basis. The present calculations include
see if more complicated core configurations improve nucleomll 2n+1<22 to insure adequate representation of the wave

scattering above 60 MeV. function within the channel radius. The matrix elements are
then transformed to the coordinate connecting the extra
Il. THE GENERAL RCCSM nucleon to the center of mass of the core, thus removing

spurious componen{d]. If B states are included, the matrix
The procedure for the general RCCSM closely followselements of the Hamiltonian are calculated amanand 8
that of thep-shell RCCSM[8]. One picks an oscillator size states, and those transformed to the relative coordinate be-
parametery =mw/%, which yields a correct fit to the size of tween the center of mass of the core and the last nucleon.
the core, and a realistic two-body interaction. The effectiveThe transformation must also be done for the reduced matrix
interaction may be of any form that is consistent with trans-elements of transition operators and for the unit matrix.
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To implement theR-matrix procedure, the matrix ele- SO R AL R IR AL R ILEMLL I 2
ments are then truncated at a cutoff radiysThe unit ma- C ]
trix, 1, within a., is diagonalized to produce an orthogonal 35 [ ]
basis set, truncated so as not to be overcomplete. One car C ]
then set up the standaRimatrix equations with this basis as C ]
in [22]. 3.0 -

s b E
lll. RESULTS R -

The procedure to calculate tf#l cross section with the e . ]
R-matrix framework is described in ReR23] and the refer- RO - Luls 4 3 ~
ences therein. Calculations for the=3 systems are shown C NZe He(’}',p) H ]
below for N=0, 2, 4, and 6, where the basis includes all 15 -
oscillator states with @, +n,+n3) +1;+I,+13<N, n starts at C ]
zero. In each case, an oscillator constant is chosen which [ | | T T
reproduces théH point charge radius. Comparing calcula- 10 = T s 20 25 a0
tions with different oscillator constants poses some problems Epc-m- (MeV)

concerning convergence criteria, but it would make no sense

to make calculations with an inappropriate core radius. The g 3. The ratio of cross sections calculated with Coulomb
resulting radii and oscillator constants, along with the protonyipoles to that calculated with transverse current operator. Solid,

separation energies are shown in Table I. o dark-dotted, dashes, and dot-dashed lines ar&lfob, 2, 4, and 6,
Several curves accompany the data’fde(y, p)inFig. 1. respectively.

The two light-dotted curves with the labetOare from cal- _ _ : :
culations withN=0, but instead of taking the corresponding tion. One can obtain very d|ﬁerer_1t resullts with the two dif-
RCCSM solution for théHe ground state, it is taken to be feren.t operator$6,25. In conventlon:_all dlstprted wave cal-
pure G and with the experimental proton separation energyFU|at'°”5{ one has no chqnce of sqrtlng this out, because the
19.8 MeV. The two solid, dark-dotted, dashed, and dot-States will never be an eigenfunctionstéf no matter how
dashed lines are fd{=0, 2, 4, and 6, respectively. The cal- accurately the residual core state is determined. In contrast,
culations include only the dominate, spin-independgt the general RCCSM will provide an accurate s_olutlon to the
contribution, but the upper set of lines is calculated with thecontinuum problem and the bound state with the same
E1 current operatorQ;,=243(i/k)p,(~t3), and the lower set H_am|lton|an, and the only question is whether the. baS|s.|s
of lines is calculated with the standard Coulomb effectivePid €nough. Hence, by calculating the cross sections with
operator{Q,o).r=€z(-t5), obtained by applying the continu- both operators, one has a very strict test of the completeness

ity equation to the matrix element op. Here, k=(E,  ©°f ':?e ba;ist.t <on bet the ¢ dons. th
")/, B=ei/2me and t(p.n=(-2,+L). The photon or a better comparison between the two operations, the

wave number will always be calculated with the theoreticalra.tios of the cross sections with the C.oulqmb operator to t.hat
value unless stated otherwise. The upper and lower sets Ith the current opergtor are plotted in Fig. 3. G_raphs using
curves differ by much more thén the few percent one woul e proton cross sections or neutron cross sectl_ons_would_ be
expect from gauge invariant terms of exchange terms nd|st|ngu!shable to the eye. The Ilght dqtted line is again

o . . . " "fepresenting the®1h (N=0) calculation with the RCCSM
similar comparison was made in R§24] for the direct cap-

ture model. Here it was found that use of the two dif“ferentground state replaced bys”Ogand with the _experimenta_l pro-
X ton separation energy. This was the first calculation per-

transition operators gave vastly different results when th : _
continuum and final state were calculated with differen'f‘rormed with the RCQSI\/[B], except that a factoe?=1.44
was erroneously omitted. This curve demonstrates how sen-

single-particle potentials, but gave nearly the same results. . o . ; L .
when the same potential was used for both. Sitive the ratio is to having a final state which is a solution to

The difficulty with the twoE1 transition operators comes your_Ham|Iton|an_, even in a_l|m|ted_ ba_5|s. _The change from
in the relation the Ilght—dotted line to theN—IO solid line is huge. Again
questions of convergence with are clouded by the use of
d i ) o different oscillator constants. In addition, th\=6 calcula-
d_t<f|P|'> = %<f|[H,P]|'> =- V «(f]j[i). (@) tion is having the most difficulty representing the tail‘efe
bound state because it is trying to describe a very compact
The Hamiltonian must act left and right, but the initial and object with oscillator wave functions derived with a large
final states do not satisfy the operator equatiof=Ey. One  oscillator constantlarge b, smallv). But the similarity be-
could use the energies obtained in the model space or onteenN=4 dashed line antN=6 dot-dashes line indicates
could use the experimental energies, but either Wagper-  that one is coming to an end of the improvement that can be
ating on a model space wave function does not give a corsbtained by increasing the complexity of the core states. An
stant times the model space wave function. The very samargument for convergence can also be made from Fig. 1.
difficulty occurs in(e,e’p) when substituting the density for However, this is actually good news, in that it shows that
the third component of the curremia the continuity equa- considerable progress toward current conservation can be
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2'5 . T j j | ) ) ' ' | ' j j ) ! ' j j | i ! ! ! | i ! ' ' - 103 EI T 1T TT T LI T IE_‘ LI I L T rrr T I-‘ 1.0
- ] ; .
3 | L _ T ]
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r ] = E *H(p.p)*H T ]
i £ f T ]
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E 101 = 002
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05 —
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L FIG. 5. The 40 MeV cross section and polarization for
00 - He(p, p)®H. The data are from Ref34]. Solid is for N=0; dot-

dashed line is foN=6.

FIG. 4. The*He(y,n)3H total cross section. Solid lines enclose the improvement in the sensitive ratio of cross sections cal-
calculation of Ref.[30], dashed line is from Refi32], and dot- culated with the transverse current operator and Coulomb
dashed line is RCCSM result with effective interaction derived fromoperator provide confidence in a calculation with the im-
MTI-lII potential. proved structure in th&-1 system. In fact, an improvement

o ) ) in the A-1 structure already provides one with a possible
made by just improving the core state wave functions. Ofoyrce for thea(y,p)/a(y,n) ratio being different from
course this relies on a proper solution of the scattering €qUasnity. The®H and®He radii will not be the same as they were

tions, which would not be possible in distorted wave calcu—in the 1p-1h (N=0) model. Shown in Table I in addition to

lations, where one is not finding a continuum solution to th?}@e 34 radii are the calculated@He r.m.s. radii. This is an

same Hamiltonian used to generate the bound state wa asymmetry not tested in previous RCCSM calculations.

function.
Returning to Fig. 1, one sees that the decrease in the ratio
of operator cross sections is a result of the cross section 102 g A LA A B

from the Coulomb operator becoming smaller and those Ch
from the transverse current operator becoming larger. This L
result is in the correct direction to alleviate the two problems i
in electron scattering at low momentum transfer as men- -y
tioned above.

[*+]
u]
]
—~
T
o
~
ol
o

When the first strong evidence appeared that the ratio of tot = i
cross sections fofHe(y,p)*H and “He(y,n)*He were not = C ]
unity in the energy rangef,=20-30 MeV,[21,26 many @ C ]
attempts were made to reproduce the phenomena within th .o u
1p-1h version of the RCCSM. All possible multipoles were 100

included, the spin-dependehil operator was included, the
second-order correction to tiel, spin-independent operator
was included,[23] and the operators were recalculated in
Jacobi coordinates in order to eliminate the long-wavelength
approximation and correctly calculate the matrix elements of
the Ip-1h contributions of théHe ground stat6]. Nothing 10~1
changed the ratio from approximately unity except adding an
explicitly charge symmetry breaking interactifi?i].

An older calculation in Ref[28] did produce a ratio of
approximately two, but this calculation was essentially a
bound state-calculation. However, what it did have were con-

c/dQ (m
p1 by

M3Y, N=0
—-.—.- M3Y, N=6
— — — Reid Soft Core, N=6

—2 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1
figurations not included in theptlh RCCSM. The general 10 0 50 100 150
RCCSM allows one to test the effect of increasing the model
space. Only, when one looks at the basis, it could include the 0cm (deg)

deuteron-deuteron channel and three- and four-body

breakup. The task would appear daunting. However, the FIG. 6. The 85 MeV cross section fdHe(p,p)*He. Data are
d-d channel and three and four-body breakup were not infrom Ref. [35]. Solid line is N=0. Dot-dashed line is foN=6.
cluded in the p-1h model, and still near perfect agreement Dashed line is for Reid Soft Corg-matrix interaction from Ref.
with nucleon scattering data was obtained. This result plug33].
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The o(vy,p)/o(y,n) ratio, calculated with the Coulomb procedure similar to that used to generate the effective inter-
operator, for the same five calculations shown in Fig. 1 arection from the Reid potential used beld&3]. Perform a
shown in Fig. 2. The curves are nearly identical, and theBrueckner calculation foHe with v=0.36 fni? and a
same result is obtained if one uses the transverse curreptopagator,o—(Hqsc—A). Fit the resulting hole-hole and
operator. Since the data sets that show dfig,p)/o(vy,n) particle-hole, two-body matrix elements to sums of Yukawas
ratio near two do so bEpc'm:S MeV, and since the ratio of to produce an effective interaction. Calculate thé °H,
cross sections calculated with the Coulomb operator to thaiHe, and*He binding energies within thesOmodel space.
with the transverse current operator is low at that energy, ong¥ary A until the binding energies closely reproduce those
has a fair degree of confidence in the calculations. Therefordiom exact calculations. Witth=30 MeV, binding energies
only those data sets with a ratio near unity Bi™™  of 2.22, 8.57, 7.88, and 28.35 MeV are obtained. a0
=5 MeV are acceptable. This includes the data of Refscalculation is then performed since that keddsand>He in
[13,16,18 and[19] divided by[21]. Of these, the ones clas- the Os model space. The resulting cross section is shown as a
sified as intermediate above provide the best agreement withot-dashed line in Fig. 4 along with the calculation of Ref.
the magnitude of th&l=6 result with the Coulomb operator. [30] as lying within the two solid lines and the calculation of
These would be Ref$16,19. Ref.[32] as a dashed line. The present calculation appears to

The data of Ref[19] appear to be about 20% low; how- more closely resemble that of R¢80].
ever, they do fall between the Coulomb and transverse cur- As mentioned above, the cross sections from thelii
rent results. According to Siegert's theord20], one has calculations for nucleon scattering begin to vary from the
greater confidence in cross sections employing the Coulomexperimental cross sections at about 60 MeV. To illustrate
multipole. Use of the experimental proton separation energshis effect, the 40.5 MeV cross section and polarization for
in the calculation would lower the curve slightly, and includ- *H(p,p)*H are plotted in Fig. 5 foN=0 as a solid line and
ing the E2 multipole would increase it slightly, hence, an N=6 as a dot-dashed line along with the data of R&4].
approximate 20% discrepancy is firm. If the data of R&g] The agreement is good, and the difference betweenNthe
are correct, then this would be another case where the strue-0 andN=6 calculations is minimal. Here it would appear
tureless nucleon approximation overestimates a single pathat the cross sections are insensitive to the structure.
ticle strength. In Fig. 6 is plotted theN=0 result as a solid line for

Although the authors test only the CoulorEh mutipole,  *He(p,p)°He at 85 MeV, and one sees the disagreement with
the above results are very similar to those obtained in theéne data of Ref[35] developing around 120°. The question
recent calculation in Ref30]. Here the authors employ the that arises is whether the disagreement is due to the simple
Lorentz integral transform method. The advantage of thisN=0 structure or the effective interaction. The dot-dashed
method is that it allows calculation of the photodisintegrationline is theN=6 result. It differs little from theN=4 result.
cross section without the intermediate step of calculatingrhe minimum begins to fill in nicely, but the back-angle rise
continuum wave functions, and it is @b initio calculation  increases. Also, the minimum is not at quite the correct
in the sense that they are solving the four-body problem. Thangle. One could argue that tthN=6 result is an improve-
disadvantage is that, without the continuum wave functionsment since nucleon knockout, omitted from the calculation,
one has no other way to test the appropriateness of the solwould reduce the back-angle cross section. However, the for-
tion, such as elastic scattering or charge exchange. In fadlvard angle cross section remains small. This can be cured, as
because the centralwave interaction of Malfiet and Tjon seen in the dashed line, by using fite effective interaction
[31] (MTI-IlII') was employed, one is certain that the experi-described in Ref[33] and derived from the Reid Soft Core
mental, low-energy nucleon scattering data will not be repropotential. This effective interaction is very similar to M3Y,
duced. since most of the matrix elements used to construct M3Y

The o(y,p) and a(y,n) cross sections obtained by this were Reid Soft Coreg-matrix elements. The interaction
method are very similar th=2 result of this present work, gives low energy results that are almost as good as M3Y, and
i.e., slightly higher than thé&l=6 result. However, both the as seen here, gives better medium energy results. So part of
present calculation and that of R¢BO] produce a shape the disagreement with the 85 MeV cross section was due to
which is peaked around atE;™=6 MeV and a structure and part due to the effective interaction. One could
o(vy,p)! o(vy,n) ratio near unity. The shape of they,n) argue, however, that it was not the structure, but the better
cross section obtained in this present work and that of RefHe density distribution oN=6 that produced a better cross
[30] differs from that in Ref. [32], where the Alt- section. Within the RCCSM, one could not separate the two.
Grassberger-Sandhas integral equations were solved. This is
a bit surprising since the MTI-III potential was also em-
ployed as in Ref[30] and both solve the four-body problem, V- CONCLUSION
albeit by different methods. Th&(y,n) cross section of Ref. This article has introduced a general RCCSM which al-
[32] is flatter in the peak region and resembles the data ofows inclusion of anyA—1 shell-model core states, as long as
Ref. [21]. they are nonspurious, and any states of the composite sys-

Although the RCCSM is not aab initio calculation, one tem, as long as they are nonspurious, and include them in a
can obtain an effective interaction from the MTI-1II potential calculation with one nucleon in the continuum. The model
and determine whether a subsequent calculation for thdemonstrated that increasing the model space ofAth&
o(y,n) resembles that of Ref§30] or [32]. One follows a  core from Giw to 6hw decreases théHe(y, p)*H cross sec-
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tion calculated with a Coulomb operator and increases thathanging form the M3Y interaction to one entirely based on
calculated with the transverse current operator, hence, inthe Reid Soft Core potential.

proving current conservation. An increased model space did

not, however produce a(y,p)/a(y,n) ratio different from

unity. This result favors the data of Refd6] and[18]. An ACKNOWLEDGMENT

improvement was seen in tHele(p, p)*He cross section at

85 MeV as theN=6 results filled in the midangle cross sec- This work was supported by the National Science Foun-
tion. However, agreement at the forward angles requiredlation under Grant No. PHY-0099452.
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